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Abstract
A finite quantum gravity theory is used to resolve the cosmological
constant problem. A fundamental quantum gravity scale, ΛG ≤ 10
−3 eV,
is introduced above which the quantum corrections to the vacuum energy
density coupled to gravity are exponentially suppressed by a graviton
vertex form factor, yielding an observationally acceptable value for the
particle physics contribution to the cosmological constant. Classical Ein-
stein gravity retains its causal behavior as well as the standard agreement
with observational data.
1 Introduction
The cosmological constant problem is considered to be the most severe hierarchy
problem in modern physics [1, 2, 3, 4, 5, 6]. We shall propose a quantum gravity
solution to the problem, based on a nonlocal, finite quantum field theory and
quantum gravity theory [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22].
We can define an effective cosmological constant
λeff = λ0 + λvac, (1)
where λ0 is the ‘bare’ cosmological constant in Einstein’s classical field equa-
tions, and λvac is the contribution that arises from the vacuum density λvac =
8πGρvac. Already at the standard model electroweak scale ∼ 102 GeV, a calcu-
lation of the vacuum density ρvac, based on local quantum field theory results
in a discrepancy with the observational bound
ρvac ≤ 10−47 (GeV)4, (2)
of order 1055, resulting in a a severe fine tuning problem, since the virtual
quantum fluctuations giving rise to λvac must cancel λ0 to an unbelievable degree
of accuracy. The bound on λvac is
λvac ≤ 10−84GeV2. (3)
If we choose the quantum gravity scale ΛG ≤ 10−3 eV, then our nonlocal quan-
tum gravity theory leads to a damping of the gravitational quantum corrections
to λ0 for q
2 ≫ Λ2G, where q is the Euclidean internal loop momentum. This sup-
presses λvac below the observational bound (3). Since the graviton tree graphs
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are identical to the standard point like, local tree graphs of perturbative gravity,
we retain classical, causal GR and Newtonian gravity theory, and the measured
value of the gravitational constant G. Only the quantum gravity loop graphs
are suppressed above energies ≤ 10−3 eV.
The scales ΛSM and ΛG are determined by the quantum non-localizable
nature of the standard model (SM) particles as compared to the graviton. The
SM particle radiative corrections have a nonlocal scale at ΛSM > 1 − 10 TeV
or a length scale ℓSM < 10
−16 cm, whereas the graviton radiative corrections
are localizable down to an energy scale ΛG ≤ 10−3 eV or a length scale ℓG < 1
cm. Thus, the fundamental energy scales in the theory are determined by the
underlying physical nature of the particles and fields and do not correspond
to arbitrary cut-offs, which destroy the gauge invariances of the field theory.
The underlying explanation of these physical scales must be sought in a more
fundamental theory.
The ‘fuzziness’ of the SM particles and the graviton, due to the nonlocal
nature of the quantum field theory, gives rise to the ‘composite’ nature of the
particles. An attempt to incorporate a composite graviton in a toy model field
theory was made by Sundrum [23]. In this model, the ‘stringy’ graviton was
coupled to a stringy halo surrounding the SM particles in the loop coupled to
external gravitons.
In Section 2, we describe the local action of the theory and in Section 3,
we provide a review of the basic properties of the finite quantum field theory
as a perturbative scheme. In Section 4, we develop the formalism for quantum
gravity, while in Section 5, we analyze the results of gluon and gravitational
vacuum polarization calculations. In Section 6, we use the quantum gravity
theory to resolve the cosmological constant problem and in Section 7, we end
with concluding remarks.
2 The Action
We begin with the four-dimensional action
W =Wgrav +WYM +WH +WDirac +WM , (4)
where
Wgrav = − 2
κ2
∫
d4x
√−g(R+ 2λ0), (5)
WYM = −1
4
∫
d4x
√−gTr(F 2), (6)
WH = −
∫
d4x
√−g
[
1
2
Dµφ
iDµφi + V (φ2)
]
, (7)
WDirac =
1
2
∫
d4x
√−gψ¯γaeµa [∂µψ − ωµψ −D(Aiµ)ψ] + h.c. (8)
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Here, we use the notation: µ, ν = 0, 1, 2, 3, g = det(gµν) and the metric signature
of Minkowski spacetime is ηµν = diag(−1,+1,+1,+1). The Riemann tensor is
defined such that
Rλµνρ = ∂ρΓµν
λ − ∂νΓµρλ + ΓµναΓραλ − ΓµραΓναλ. (9)
Moreover, h.c. denotes the Hermitian conjugate, ψ¯ = ψ†γ0, and eµa is a vierbein,
related to the metric by
gµν = ηabe
a
µe
b
ν , (10)
where ηab is the four-dimensional Minkowski metric tensor associated with the
flat tangent space with indices a,b,c... Moreover, F 2 = F iµνF
iµν , R denotes the
scalar curvature and
Fiµν = ∂νAiµ − ∂µAiν − efiklAkµAlν , (11)
where Aiµ are the gauge fields of the Yang-Mills group with generators fikl, e
is the coupling constant and κ2 = 32πG with c = 1. We denote by Dµ the
covariant derivative operator
Dµφ
i = ∂µφ
i + ef iklAkµφ
l. (12)
The Higgs potential V (φ2) is of the form leading to spontaneous symmetry
breaking
V (φ2) =
1
4
g(φiφi −K2)2 + V0, (13)
where V0 is an adjustable constant and the coupling constant g > 0.
The spinor field is minimally coupled to the gauge potential Aiµ, and D is a
matrix representation of the gauge group SO(3, 1). The spin connection ωµ is
ωµ =
1
2
ωµabΣ
ab, (14)
where Σab = 14 [γ
a, γb] is the spinor matrix associated with the Lorentz algebra
SO(3, 1). The components ωµab satisfy
∂µe
σ
a + Γµν
σeνa − ωµaρeσρ = 0, (15)
where Γµν
σ is the Christoffel symbol. The field equations for the gravity-Yang-
Mills-Higgs-Dirac sector are
Rµν − 1
2
gµνR− λgµν = −1
4
κ2Tµν , (16)
gρµ∇ρF iµν = gρµ
(
∂ρF
i
µν − ΓρµσF iσν − ΓρνσF iµσ + [Aρ, Fµν ]i
)
= 0, (17)
1√−gDµ[
√−ggµνDνφi] =
(
∂V
∂φ2
)
φi, (18)
3
γaeµa [∂µ − ωµ −D(Aµ)]ψ = 0. (19)
The energy-momentum tensor is
Tµν = T
YMH
µν + T
Dirac
µν + T
M
µν , (20)
where
TYMHµν = F
i
µσF
iσ
ν +Dµφ
iDνφ
i
−1
2
gµν
[
1
2
Tr(F 2) +Dσφ
iDσφi + V (φ2)
]
, (21)
TDiracµν = −ψ¯γµ[∂ν − ων −D(Aiν )]ψ, (22)
and TMµν is the energy-momentum tensor of non-field matter.
3 Finite Quantum Field Theory Formalism
An important development in nonlocal quantum field theory was the discovery
that gauge invariance and unitarity can be restored by adding series of higher
interactions. The resulting theory possesses a nonlinear, field representation de-
pendent gauge invariance which agrees with the original local symmetry on-shell
but is larger off-shell. Quantization is performed in the functional formalism us-
ing an analytic and convergent measure factor which retains invariance under
the new symmetry. An explicit calculation was made of the measure factor in
QED [8], and it was obtained to lowest order in Yang-Mills theory [11]. Kleppe
and Woodard [15] obtained an ansatz based on the derived dimensionally regu-
lated result when Λ→∞, which was conjectured to lead to a general functional
measure factor in nonlocal gauge theories.
In contrast to string theory, we can achieve a genuine quantum field theory,
which allows vertex operators to be taken off the mass shell. The finiteness draws
from the fact that factors of exp[K(p2)/2Λ2] are attached to propagators which
suppress any ultraviolet divergences in Euclidean momentum space, where Λ is
an energy scale factor. An important feature of the field theory is that only the
quantum loop graphs have nonlocal properties; the classical tree graph theory
retains full causal and local behavior.
We shall consider the 4-dimensional spacetime to be approximately flat
Minkowski spacetime. Let us denote by f a generic local field and write the
standard local Lagrangian as
L[f ] = LF [f ] + LI [f ], (23)
where LF and LI denote the free part and the interaction part of the action,
respectively, and
LF [f ] = 1
2
fiKijfj. (24)
In a gauge theory the action would be the Becchi, Rouet, Stora, Tyutin (BRST)
gauge-fixed action including ghost fields in the invariant action required to fix
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the gauge[25]. The kinetic operator K is fixed by defining a Lorentz-invariant
distribution operator
E ≡ exp
( K
2Λ2
)
(25)
and the operator:
O = E
2 − 1
K =
∫ 1
0
dτ
Λ2
exp
(
τ
K
Λ2
)
. (26)
The regularized interaction Lagrangian takes the form
LˆI = −
∑
n
(−g)nfI[Fn,O(n−1))]f, (27)
where g is a coupling constant and F is a vertex function form factor. The
decomposition of I in order n = 2 is such that the operator O splits into two
parts F2/K and −1/K. For Compton amplitudes the first such term cancels
the contribution from the corresponding lower order channel, while the second
term is just the usual local field theory result for that channel. The action is
then invariant under an extended nonlocal gauge transformation. The precise
results for QED were described in ref. [8].
The regularized action is found by expanding LˆI in an infinite series of
interaction terms. Since F and O are entire function of K the higher interactions
are also entire functions of K. This is important for preserving the Cutkosky
rules and unitarity, for an entire function does not possess any singularities in
the finite complex momentum plane.
The regulated action is gauge invariant under the transformation
δf = ig
∫
d4yd4zT [f ](x, y, z)θ(y)f, (28)
where θ is the infinitesimal gauge parameter and T is a spinorial matrix for
f(x) = ψ(x) as well as a function of a gauge potential. An explicit construction
for QED [8] was given using the Cutkosky rules as applied to the nonlocal field
theory, whose propagators have poles only where K = 0 and whose vertices are
entire functions of K. The regulated action satisfies these requirements which
guarantees unitarity on the physical space of states. The local action is gauge
fixed and then a regularization is performed on the BRST theory.
Quantization is performed using the definition
〈0|T ∗(O[f ])|0〉E =
∫
[Df ]µ[f ](gauge fixing)O[f ] exp(iWˆ [f ]). (29)
where Wˆ is the regulated action. On the left-hand side we have the regulated
vacuum expectation value of the T ∗-ordered product of an arbitrary operator
O[f ] formed from the local fields f . The subscript E signifies that a regulating
Lorentz distribution has been used. Moreover, µ[f ] is a gauge invariant measure
factor and there is a gauge fixing factor, both of which are needed to maintain
perturbative unitarity in gauge theories.
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The new Feynman rules for are obtained as follows: Every leg of a diagram
is connected to a local propagator,
D(q2) =
i
K(q2) + iǫ (30)
and every vertex has a form factor Fk(q2), where q is the momentum attached
to the propagator D(q2), which has the form
Fk(q2) ≡ Ek(q2) = exp
( K
2Λk
)
, (31)
where k denotes the particle nature of the external leg in the vertex. The
formalism is set up in Minkowski spacetime and loop integrals are formally
defined in Euclidean space by performing a Wick rotation. This facilitates the
analytic continuation; the whole formalism could from the outset be developed
in Euclidean space.
Renormalization is carried out as in any other field theory. The bare pa-
rameters are calculated from the renormalized ones and Λ, such that the limit
Λ→∞ is finite for all noncoincident Green’s functions, and the bare parameters
are those of the local theory. The regularizing interactions are determined by
the local operators.
The regulating Lorentz distribution function E must be chosen to perform an
explicit calculation in perturbation theory. We do not know the unique choice
of E . However, once a choice for the function is made, then the theory and the
perturbative calculations are uniquely fixed. A standard choice in early papers
is [7, 8]:
Em = exp
(
∂2 −m2
2Λ2
)
. (32)
In the tree order, Green’s functions remain local except for external lines
which are unity on-shell. It follows immediately that since on-shell tree ampli-
tudes are unchanged by the regularization, the Lagrangian preserves all sym-
metries on-shell. Also all loops contain at least one regularizing vertex function
and therefore are ultraviolet finite.
The on-shell tree amplitudes agree with the local, unregulated action, while
the loop amplitudes disagree. This seems to contradict the Feynman tree theo-
rem [26], which states that loop amplitudes of local field theory can be expressed
as sums of integrals of tree diagrams. If two local theories agree at the tree
level, then the loop amplitudes agree as well. However, the tree theorem does
not apply to nonlocal field theories. The tree theorem is proved by using the
propagator relation
DF = DR +D
+ (33)
to expand the Feynman propagator DF into a series in the on- shell propagator
D+. This decomposes all terms with even one D+ into trees. The term with
no D+s is a loop formed with the retarded propagator and vanishes for local
interactions. But for nonlocal interactions, this term generally survives and new
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physical effects occur in loop amplitudes, which cannot be predicted from the
local on-shell tree graphs.
4 Finite Perturbative Quantum Gravity
As is well-known, the problem with perturbative quantum gravity based on
a point-like graviton and a local field theory formalism is that the theory is
not renormalizable [27, 28]. Due to the Gauss-Bonnet theorem, it can be shown
that the one-loop graviton calculation is renormalizable but two-loop is not [29].
Moreover, gravity-matter interactions are not renormalizable at any loop order.
We shall now formulate the gravitational sector in more detail. This problem
has been considered previously in the context of four-dimensional GR [7, 8,
22]. We expand the gravity sector about flat Minkowski spacetime. In fact,
our quantum gravity theory can be formulated as a perturbative theory by
expanding around any fixed, classical metric background [27]
gµν = g¯µν + hµν , (34)
where g¯µν is any smooth background metric field, e.g. a de Sitter spacetime
metric. For the sake of simplicity, we shall only consider expansions about flat
spacetime. Since the gravitational field is weak up to the Planck energy scale,
this expansion is considered justified; even at the standard model energy scale
ESM ∼ 102 GeV, the curvature of spacetime is very small. However, if we wish
to include the cosmological constant, then we cannot strictly speaking expand
about flat spacetime. This is to be expected, because the cosmological constant
produces a curved spacetime even when the energy-momentum tensor Tµν = 0.
Therefore, we should use the expansion (34) with a curved background metric.
But for energy scales encountered in particle physics, the curvature is very small,
so we can approximate the perturbation caculation by using the flat spacetime
expansion and trust that the results are valid in general for curved spacetime
backgrounds including the cosmological constant.
Let us define gµν =
√−ggµν . It can be shown that √−g = √−g, where
g = det(gµν) and ∂ρg = gαβ∂ρg
αβg. We can then write the local gravitational
action Wgrav in the form [30]:
Wgrav =
∫
d4xLgrav = 1
2κ2
∫
d4x[(gρσgλµgκν
−1
2
gρσgµκgλν − 2δσκδρλgµν)∂ρgµκ∂σgλν
− 1
ακ2
∂µg
µν∂κg
κληνλ + C¯
ν∂µXµνλC
λ], (35)
where we have added a gauge fixing term with the parameter α, Cµ is the
Fadeev-Popov ghost field and Xµνλ is a differential operator.
We expand the local interpolating graviton field gµν as
gµν = ηµν + κγµν +O(κ2). (36)
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Then,
gµν = ηµν − κγµν + κ2γµαγαν +O(κ3). (37)
The gravitational Lagrangian density is expanded as
Lgrav = L(0) + κL(1) + κ2L(2) + .... (38)
We obtain
L(0) = 1
2
∂σγλρ∂
σγλρ − ∂λγρκ∂κγλρ −
1
4
∂ρ∂
ργ
− 1
α
∂ργ
ρ
λ∂κγ
κλ + C¯λ∂σ∂
σCλ, (39)
L(1) = 1
4
(−4γλµ∂ργµκ∂ργλκ + 2γµκ∂ργµκ∂ργ
+2γρσ∂ργλν∂σγ
λν − γρσ∂ργ∂σγ + 4γµν∂λγµκ∂κγνλ)
+C¯νγκµ∂
κ∂µCν + C¯
ν∂µγκµ∂
κCν − C¯ν∂λ∂µγµνCλ − C¯ν∂µγµν∂λCλ, (40)
L(2) = 1
4
(4γκαγ
αν∂ργλκ∂ργνλ + (2γλµγκν − γµκγνλ)∂ργµκ∂ργνλ
−2γλαγαν ∂ργλν∂ργ − 2γρσγκν ∂ργλκ∂σγνλ
+γρσγνλ∂σγνλ∂ργ − 2γµαγαν∂λγµκ∂κγνλ), (41)
where γ = γαα.
In the limit α → ∞, the Lagrangian density Lgrav is invariant under the
gauge transformation
δγµν = Xµνλξ
λ, (42)
where ξλ is an infinitesimal vector quantity and
Xµνλ = κ(−∂λγµν + 2η(µλγκν)∂κ) + (η(µλ∂ν) − ηµν∂λ). (43)
However, for the quantized theory it is more useful to require the BRST sym-
metry. We choose ξλ = Cλσ, where σ is a global anticommuting scalar. Then,
the BRST transformation is
δγµν = XµνλC
λσ, δC¯ν = −∂µγµν
(
2σ
α
)
, δCν = κC
µ∂µCνσ. (44)
We now substitute the operators
γµν → γˆµν , Cλ → Cˆλ, C¯ν → ˆ¯Cν , (45)
where
γˆµν = E−1γµν , Cˆλ = E−1Cλ, ˆ¯Cλ = E−1Cλ. (46)
The regularized Lagrangian density up to order κ2 is invariant under the
extended BRST transformations [12]:
δˆ0γµν = X
(0)
µνλC
λσ = (∂νCµ + ∂µCν − ηµν∂λCλ)σ, (47)
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δˆ1γµν = κE20X(1)µνλCλσ = κE20 (2γρ(µ∂ρCν) − ∂λγµνCλ − γµν∂λCλ)σ, (48)
δˆ0C¯
ν = 2∂µγ
µνσ, (49)
δˆ1Cν = κE20Cµ∂µCνσ. (50)
The order κ2 transformations are
δˆ2γµν = κ
2E20 [2∂ρC(νD˜µ)ρκλ(Bκλ +Hκλ)
−CρD˜µνκλ(∂ρBκλ + ∂ρHκλ)− ∂ρCρD˜µνκλ(Bκλ +Hκλ)
+2γρ(µD˜
ghost
ν)κ ∂
ρHκ − ∂ργµνD˜ghost ρκHκ − γµνD˜ghost ρκ∂ρHκ]σ, (51)
δˆ2Cν = −κ2E20 (∂µCνD˜ghostµκHκ + CµD˜ghost νκ∂µHκ)σ. (52)
Here, we have
Hαβ = −(∂(αC¯ρ∂β)Cρ + ∂ρC¯(α∂β)Cρ + ∂ρ∂(βC¯α)Cρ), (53)
Hρ = γλκ∂
λ∂κCρ + ∂κγλκ∂
λCρ − ∂κ∂λγρκCλ − ∂κγρκ∂λCλ, (54)
H¯ρ = ∂λC¯ρ∂κγλκ + ∂
λ∂κC¯ργλκ + ∂
ρC¯λ∂κγλκ. (55)
Moreover, D˜αβµν is the “stripping” propagator for the graviton in the gauge
α = −1:
D˜αβµν(p) =
1
2
(ηαµηβν + ηανηβµ − ηαβηµν)O0(p), (56)
while the ghost stripping propagator is given by
D˜ghostµν (p) = ηµνO0(p), (57)
where
O0(p) = E
2
0 − 1
p2
. (58)
We see that the local propagator can be obtained from the nonlocal propagator
minus the stripping propagator
1
p2
=
exp(p2/Λ2G)
p2
−O0(p). (59)
The stripping propagators are used to guarantee that the tree-level graviton-
graviton scattering amplitudes are identical to the local, point-like tree-level
amplitudes, which couple only to physical gravitons.
The graviton propagator in the fixed de Donder gauge α = −1 [32] in mo-
mentum space is given by
Dµνρσ(p) =
ηµρηνσ + ηµσηνρ − ηµνηρσ
p2 − iǫ , (60)
9
while the graviton ghost propagator in momentum space is
Dghostµν (p) =
ηµν
p2 − iǫ . (61)
As in the case of the Yang-Mills sector, the on-shell vertex functions are
unaltered from their local antecedents, while virtual particles are attached to
nonlocal vertex function form factors. This destroys the gauge invariance of e.g.
graviton-graviton scattering and requires an iteratively defined series of “strip-
ping” vertices to ensure the decoupling of all unphysical modes. Moreover, the
local gauge transformations have to be extended to nonlinear, nonlocal gauge
transformations to guarantee the over-all invariance of the regularized ampli-
tudes. Cornish has derived the primary graviton vertices and the BRST sym-
metry relations for the regularized Wˆgrav [12, 13], using the nonlinear, nonlocal
extended gauge transformations suitable for the perturbative gravity equations.
Because we have extended the gauge symmetry to nonlinear, nonlocal trans-
formations, we must also supplement the quantization procedure with an invari-
ant measure
M = ∆(g, C¯, C)D[gµν ]D[C¯λ]D[Cσ] (62)
such that δM = 0.
As we have demonstrated, the quantum gravity perturbation theory is in-
variant under generalized, nonlinear field representation dependent transfor-
mations, and it is finite to all orders. At the tree graph level all unphysical
polarization states are decoupled and nonlocal effects will only occur in gravi-
ton and graviton-matter loop graphs. Because the gravitational tree graphs
are purely local there is a well-defined classical GR limit. The finite quantum
gravity theory is well-defined in four real spacetime dimensions or in any higher
D-dimensional spacetime.
We quantize by means of the path integral operation
〈0|T ∗(O[g])|0〉E =
∫
[Dg]µ[g](gauge fixing)O[g] exp(iWˆgrav[g]). (63)
The quantization is carried out in the functional formalism by finding a measure
factor µ[g] to make [Dg] invariant under the classical symmetry. To ensure a
correct gauge fixing scheme, we write Wˆgrav[g] in the BRST invariant form with
ghost fields; the ghost structure arises from exponentiating the Faddeev-Popov
determinant [31]. The algebra of extended gauge symmetries is not expected to
close off-shell, so one needs to introduce higher ghost terms (beyond the normal
ones) into both the action and the BRST transformation. The BRST action will
be regularized directly to ensure that all the corrections to the measure factor
are included.
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5 Standard Model and Gravitational Vacuum
Polarization
A basic feature of our regularized field theory is that the vertex function form
factors Fk(q2) in momentum space are determined by the nature of the vertex
function. For a SM gauge boson, such as the W or Z boson connected to a
standard model particle and anti-particle, the vertex function form factor in
Euclidean momentum space is
FSM(q2) = exp
(
−q2/2Λ2SM
)
, (64)
while for a vertex with a graviton attached to a standard model particle and an
anti-particle, the vertex function form factor will be
FG(q2) = exp
(
−q2/2Λ2G
)
. (65)
Thus, when two vertices are drawn together to make a loop graph, the energy
scale dependence Λ will be determined by the external legs attached to the loop.
If we ignore the weak effects of gravity in SM calculations, then the graviton
scale ΛG can be ignored, as is usually the case in SM calculations.
A calculation of the one-loop gluon vacuum polarization gives the tensor in
D-dimensions [11]:
Πµνik (p) =
e2
2DπD/2
filmfklm(p
2ηµν − pµpν)Π(p2), (66)
where p is the gluon momentum and
Π(p2) = 2
∫ 1/2
0
dyΓ(2−D/2, yp2/Λ2SM)[y(1− y)p2]D/2−2
×[2(D − 2)y(1− y)− 1
2
(D − 6)]. (67)
We observe that Πµik µ(0) = 0 a result that is required by gauge invariance and
the fact that the gluon has zero mass.
The dimensionally regulated gluon vacuum polarization result is obtained
by the replacement
Γ(2−D/2, yp2/Λ2SM)→ Γ(2−D/2) (68)
and choosing p2 ≪ Λ2SM. In four-dimensions we get
Π(p2) = 2
∫ 1/2
0
dyEi(yp
2/Λ2SM)[4y(1− y) + 1], (69)
where we have used the relation
Γ(0, z) ≡ Ei(z) =
∫ ∞
z
dt exp(−t)t−1. (70)
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The lowest order contributions to the graviton self-energy will include the
standard graviton loops, the ghost field loop contribution and the measure loop
contribution. In the regularized perturbative gravity theory the first order vac-
uum polarization tensor Πµνρσ must satisfy the Slavnov-Ward identities [33]:
pµpρD
Gµναβ(p)Παβγδ(p)D
Gγδρσ(p) = 0. (71)
By symmetry and Lorentz invariance, the vacuum polarization tensor must have
the form
Παβγδ(p) = Π1(p
2)p4ηαβηγδ +Π2(p
2)p4(ηαγηβδ + ηαδηβγ)
+Π3(p
2)p2(ηαβpγpδ + ηγδpαpβ) + Π4(p
2)p2(ηαγpβpδ + ηαδpβpγ
+ηβγpαpδ + ηβδpαpγ) + Π5(p
2)pαpβpγpδ. (72)
The Slavnov-Ward identities impose the restrictions
Π2 +Π4 = 0, 4(Π1 +Π2 −Π3) + Π5 = 0. (73)
The basic lowest order graviton self-energy diagram is determined by [34,
35, 36, 37, 38]:
Π1µνρσ(p) =
1
2
κ2
∫
d4qUµναβγδ(p,−q, q − p)FG(q2)DGαβκλ(q)
×DGγδτξ(p− q)Uκλτξρσ(q, p− q,−p)FG((q − p)2), (74)
where U is the three-graviton vertex function
Uµνρσδτ (q1, q2, q3) = −1
2
[q2(µq3ν)
(
2ηρ(δητ)σ −
2
D − 2ηµνηδτ
)
+q1(ρq3σ)
(
2ηµ(δητ)ν −
2
D − 2ηµνηδτ
)
+ ...], (75)
and the ellipsis denotes similar contributions.
To this diagram, we must add the ghost particle diagram contribution Π2
and the measure diagram contribution Π3. The dominant finite contribution to
the graviton self-energy will be of the form
Πµνρσ(p) ∼ κ2Λ4GQµνρσ(p2)
∼ Λ
4
G
M2PL
Qµνρσ(p
2), (76)
where MPL is the reduced Planck mass and Q(p
2) is a finite remaining part.
For renormalizable field theories such as quantum electrodynamics and Yang-
Mills theory, we will find that the loop contributions are controlled by the incom-
plete Γ-function. If we adopt an ‘effective’ quantum gravity theory expansion
in the energy [36], then we would expect to obtain
Πµνρσ(p) ∼ κ2G(Γ(2 −D/2, p2/Λ2G)Qµνρσ(p2), (77)
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where G denotes the functional dependence on the incomplete Γ-function. By
making the replacement
G(Γ(2 −D/2), p2/Λ2G)→ G(Γ(2 −D/2)), (78)
we would then obtain the second order graviton loop calculations using dimen-
sional regularization [34, 35, 36, 37, 38, 27]. The dominant behavior will now be
ln(Λ2G/q
2) and not Λ4G. However, in a nonrenormalizable theory such as quan-
tum gravity, the dimensional regularization technique may not provide a correct
result for the dominant behavior of the loop integral and we expect the result
to be of order Λ4G. Indeed, it is well known that dimensional regularization for
massless particles removes all contributions from tadpole graphs and δ4(0) con-
tact terms. On the other hand, our regularized field theory takes into account
all leading order contributions and provides a complete account of all countert-
erms. Because all the scattering amplitudes are finite, then renormalizability is
no longer an issue.
The function
Qµ
µσ
σ(p
2) ∼ p4 (79)
as p2 → 0. Therefore, Πµµσσ(p) vanishes at p2 = 0, as it should from gauge
invariance and for massless gravitons. We now find that
ΠG(p2) ∼ Λ
4
G
M2PL
. (80)
Thus, the pure graviton self-energy is proportional to Λ4G. We shall choose
ΛG < 10
−3 eV, so that the pure gravitational quantum corrections to the bare
cosmological constant λ0 are cut off for energies above ∼ 10−3 eV.
In contrast to recent models of branes and strings in which the higher-
dimensional compactification scale is lowered to the TeV range [24], we retain
the classical tree graph GR gravitation picture and its Newtonian limit. It is
perhaps a radical notion to entertain that quantum gravity becomes weaker as
the energy scale increases towards the Planck scale ∼ 1019 Gev, but there is, of
course, no known experimental reason why this should not be the case in nature.
However, we do not expect that our weak gravity field expansion is valid at the
Planck scale when GE2 ∼ 1, although the damping of the quantum gravity loop
graphs could still persist at the Planck scale. This question remains unresolved
until a nonperturbative solution to quantum gravity is found.
6 Resolution to the Cosmological Constant Prob-
lem
Zeldovich [39] showed that the zero-point vacuum fluctuations must have a
Lorentz invariant form
Tvacµν = λvacgµν , (81)
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consistent with the equation of state ρvac = −pvac. Thus, the vacuum within
the framework of particle quantum physics has properties identical to the cos-
mological constant. In quantum theory, the second quantization of a classical
field of massm, treated as an ensemble of oscillators each with a frequency ω(k),
leads to a zero-point energy E0 =
∑
k
1
2 h¯ω(k). The experimental confirmation
of a zero-point vacuum fluctuation was demonstrated by the Casimir effect [40].
A simple evaluation of the vacuum density obtained from a summation of the
zero-point energy modes gives
ρvac =
1
(2π)2
∫ Mc
0
dkk2(k2 +m2)1/2 ∼ M
4
c
16π2
, (82)
where Mc is the cutoff. Already at the level of the standard model, we get
ρvac ∼ (102GeV)4 which is 55 orders of magnitude larger than the bound (2).
To agree with the experimental bound (2), we would have to invoke a very
finely tuned cancellation of λvac with the ‘bare’ cosmological constant λ0, which
is generally conceded to be theoretically unacceptable.
We shall consider initially the basic lowest order vacuum fluctuation diagram
computed from the matrix element in flat Minkowski spacetime
M
(0)
(2) ∼ e2
∫
d4pd4p′d4kδ(k + p− p′)δ(k + p− p′)
× 1
k2 +m2
Tr
(
iγσpσ −mf
p2 +m2f
γµ
iγσp′σ −mf
p′2 +m2f
γµ
)
exp
[
−
(
p2 +m2f
2Λ2SM
)
−
(
p′2 +m2f
2Λ2SM
)
−
(
k2 +m2
2Λ2SM
)]
, (83)
where e is a coupling constant associated with the standard model. We have
considered a closed loop made of a SM fermion of mass mf , an antifermion
of the same mass and an internal SM boson propagator of mass m; the scale
ΛSM ∼ 102 − 103 GeV. This leads to the result
M
(0)
(2) ∼ 16π4g2δ4(a)
∫ ∞
0
dpp3
∫ ∞
0
dp′p
′3
[−P 2 + p2 + p′2 + 4m2f
(P + a)(P − a)
]
× 1
(p2 +m2f )(p
′2 +m2f )
exp
[
− (p
2 + p′2 + 2m2f)
2Λ2SM
− P
2 +m2
2Λ2SM
]
, (84)
where P = p− p′ and a is an infinitesimal constant which formally regularizes
the infinite volume factor δ4(0). We see that ρvac ∼ M (0)(2) ∼ Λ4SM. To maintain
gauge invariance and unitarity, we must add to this result the contributions
from the ghost diagram and the measure diagram.
In flat Minkowski spacetime, the sum of all disconnected vacuum diagrams
C =
∑
nM
(0)
n is a constant factor in the scattering S-matrix S′ = SC. Since the
S-matrix is unitary |S′|2 = 1, then we must conclude that |C|2 = 1, and all the
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disconnected vacuum graphs can be ignored. This result is also known to follow
from the Wick ordering of the field operators. However, due to the equivalence
principle gravity couples to all forms of energy, including the vacuum energy
density ρvac, so we can no longer ignore these virtual quantum fluctuations in
the presence of a non-zero gravitational field.
We can view the cosmological constant as a non-derivative coupling of the
form λ0
√−g in the Einstein-Hilbert action (5). This classical tree-graph cou-
pling has the effect of de-stabilizing Minkowski spacetime. Quantum corrections
to λ0 come from loops formed from massive SM states, coupled to external gravi-
ton lines at essentially zero momentum. The massive SM states are far off-shell.
Experimental tests of the standard model involving gravitational couplings to
the SM states are very close to being on-shell. Important quantum corrections
to λ0 are generated by a huge extrapolation to a region in which gravitons couple
to SM particles which are far off-shell.
Let us now consider the dominant contributions to the vacuum density aris-
ing from the graviton loop corrections. As explained above, we shall perform
the calculations by expanding about flat spacetime and trust that the results
still hold for an expansion about a curved metric background field, which is
strictly required for a non-zero cosmological constant. Since the scales involved
in the final answer, including the predicted smallness of the cosmological con-
stant, correspond to a very small curvature of spacetime, we expect that our
approximation is justified.
We shall adopt a simple model consisting of a massive vector meson Vµ,
which has the standard model mass mV ∼ 102 GeV. We have for the vector
field Lagrangian density
LV = −1
4
(−g)−1/2gµνgαβFµαFνβ +m2V VµV µ, (85)
where
Fµν = ∂νVµ − ∂µVν . (86)
We include in the Lagrangian density an additional piece − 12 (∂µV µ)2, and the
vector field propagator has the form
DVµν =
ηµν
p2 +m2V − iǫ
. (87)
The graviton-V-V vertex in momentum space is given by
Vαβλσ(q1, q2) = ηλσq1(αq2β) − ησ(βq1α)q2λ − ηλ(αq1σq2β)
+ησ(βηα)λq1·q2 −
1
D − 2ηαβ(ηλσq1q2 − q1σq2λ), (88)
where q1, q2 denote the momenta of the two V s connected to the graviton with
momentum p. We use the notation A(αBβ) =
1
2 (AαBβ +AβBα).
The lowest order correction to the graviton vacuum loop will have the form
ΠGVµνρσ(p) = −κ2
∫
d4qVµνλα(p,−q, q − p)FG(q2)DV λδ(−q)
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×Vρσκδ(−p, p− q, q)FG((q − p)2)DV ακ(q − p). (89)
We obtain
ΠGVµνρσ(p) = −κ2
∫
d4q
(q2 +m2V )[(q − p)2 +m2V ]
Kµνρσ(p, q)
× exp
[
−(q2 +m2V )/2Λ2G
]
exp
{
−[(q − p)2 +m2V ]/2Λ2G
}
, (90)
where in D-dimensions
Kµνρσ(p, q) = pαpβpρpσ + qαpβpρpσ − qαqβpρpσ + (1−D)qαqβqρpσ
−(1 +D)pαqβqρqσ + (D − 1)pαqβpρqσ +Dqαqβqρqσ. (91)
As usual, we must add to (89) the contributions from the fictitious ghost particle
diagrams and the invariant measure diagram.
We observe that from power counting of the momenta in the integral (90),
we obtain
ΠGVµνρσ(p) ∼ κ2Λ4GNµνρσ(p2)
∼ Λ
4
G
M2PL
Nµνρσ(p
2), (92)
where N(p2) is a finite remaining part of ΠGV(p). We have as p2 → 0:
Nµ
µσ
σ(p
2) ∼ p4. (93)
Thus, ΠGVµ
µσ
σ
(p) vanishes at p2 = 0, as it should because of gauge invariance
and the massless graviton.
We now have
ΠGV(p2) ∼ Λ
4
G
M2PL
. (94)
If we choose ΛG ≤ 10−3 eV, then the quantum correction to the bare cosmo-
logical constant λ0 is suppressed sufficiently to satisfy the bound (3), and it is
protected from large unstable radiative corrections. This provides a solution to
the cosmological constant problem at the energy level of the standard model
and possible higher energy extensions of the standard model. The universal
fixed gravitational scale ΛG corresponds to the fundamental length ℓG ≤ 1 cm
at which virtual gravitational radiative corrections are cut off.
The vector field vertex form factor, when coupled to SM gauge bosons, will
have the form
FSM(q2) = exp
[
−(q2 +m2V )/2Λ2SM
]
. (95)
If we choose ΛSM > 1 − 10 TeV, then we will reproduce the SM experimen-
tal results, including the running of the SM coupling constants, and FSM(p2)
becomes FSM(0) = 1 on the mass shell q2 = −m2V .
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We observe that the required suppression of the vacuum diagram loop contri-
bution to the cosmological constant, associated with the vacuum energy momen-
tum tensor at lowest order, demands a low gravitational energy scale ΛG ≤ 10−3
eV, which controls the quantum gravity loop contributions. This is essentially
because the external graviton momenta are close to the mass shell, requiring a
low energy scale ΛG. This seems at first sight a radical suggestion that quan-
tum gravity corrections are weak at energies higher than ≤ 10−3 eV, but this
is clearly not in contradiction with any known gravitational experiment. In-
deed, as has been stressed in recent work on large higher dimensions, there is
no experimental knowlege of gravitational forces below 1 mm. In fact , we have
no experimental knowledge at present about the strength of graviton radiative
corrections. The SM experimental agreement is achieved for SM particle states
close to the mass shell. However, we expect that the dominant contributions to
the vacuum density arise from SM states far off the mass shell. In our perturba-
tive quantum gravity theory, the tree graphs involving gravitons are identical to
the tree graphs in local point graviton perturbation theory, retaining classical,
causal GR and Newtonian gravity. In particular, we do not decrease the strength
of the classical gravity force.
In order to solve the severe cosmological constant hierarchy problem, we
have been led to the surprising conclusion that, in contrast to the conventional
folklore, quantum gravity corrections to the classical GR theory are negligible
at energies above ≤ 10−3 eV, a result that will continue to persist if our pertur-
bative calculations can be extrapolated to near the Planck energy scale ∼ 1019
GeV. Since the cosmological constant problem already results in a severe crisis
at the energies of the standard model, our quantum gravity resolution based on
perturbation theory can resolve the crisis at the standard model energy scale
and well beyond this energy scale.
7 Conclusions
The ultraviolet finiteness of perturbative quantum field theory in four-dimensions
is achieved by applying the nonlocal field theory formalism. The nonlocal quan-
tum loop interactions reflect the quantum, non-point-like nature of the field
theory. Thus, as with string theories, the point-like nature of particles is ‘fuzzy’
for energies greater than the scale Λ. One of the features of superstrings is that
they provide a mathematically consistent theory of quantum gravity, which is ul-
traviolet finite and unitary. Our nonlocal theory focuses on the basic mechanism
behind string theory’s finite ultraviolet behavior by invoking a suppression of
bad vertex behavior at high energies, without compromising perturbative uni-
tarity and gauge invariance. It provides a mathematically consistent theory
of quantum gravity at the perturbative level. If we choose ΛG ≤ 10−3 eV,
then quantum radiative corrections to the classical tree graph gravity theory
are perturbatively negligible to all energies greater than ΛG, provided that the
perturbative regime is valid.
The important gauge hierarchy problem, associated with the Higgs sector,
17
can also be resolved in our nonlocal field theory. It can be shown that an
exponential damping of the Higgs self-energy in the Euclidean p2 domain occurs
for p2 ≫ Λ2H , and for a ΛH scale in the electroweak range ∼ 102 − 103 GeV.
A damping of the vacuum polarization loop contributions to the vacuum
energy density-gravity coupling at lowest order can resolve the cosmological
constant hierarchy problem, if the gravity loop scale ΛG ≤ 10−3 eV, by sup-
pressing virtual gravitational radiative corrections above the energy scale ΛG.
We expect that the SM energy scale ΛSM to be much larger than the electroweak
scale∼ 102−103 Gev, and it could be as large as grand unification theory (GUT)
scale ∼ 1016 Gev, allowing for possible GUT unification schemes.
Recently, new supernovae data have strongly indicated a cosmic acceleration
of the present universe [41]. This has brought the status of the cosmological con-
stant back into prominence, since one possible explanation for this acceleration
of the expansion of the universe is that the cosmological constant is non-zero but
very small. We can, of course, accomodate a small non-zero cosmological con-
stant by choosing carefully the gravity scale ΛG. Indeed, this new observational
data can be viewed as a means of determining the size of ΛG.
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